Assembly of quantum nanophotonic systems with plasmonic resonators are important for fundamental studies of single photon sources as well as for on-chip information processing. In this work, we demonstrate controllable nanoassembly of gold nanospheres with ultra-bright quantum emitters in 2D layered hexagonal boron nitride (hBN). We utilize an atomic force microscope (AFM) tip to precisely position gold nanospheres to close proximity of the quantum emitters and observe the resulting emission enhancement and fluorescence lifetime reduction. A fluorescence enhancement of over 300% is achieved experimentally for quantum emitters in hBN, with a radiative quantum efficiency of up to 40% and a saturated count rate in excess of 5×10 6 counts/s. Our results are promising for future employment of quantum emitters in hBN for integrated nanophotonic devices and plasmonic based nanosensors.
Hybridization of quantum emitters and photonic constituents is highly sought after to control the nature of quantum light and the realization of integrated quantum photonic circuits. [1] [2] [3] [4] [5] [6] [7] [8] [9] Key requirements for these hybrid systems include robust single photon emitters (SPEs) which are bright and optically stable, as well as photonic resonators that can be readily engineered. SPEs in layered hBN are emerging sources with great potential for a variety of quantum applications due to their high brightness, long-term stability and full in-plane polarization. [10] [11] [12] [13] [14] [15] It is therefore interesting to further study the enhancement of these SPEs via the Purcell effect. Achieving such an enhancement, however, requires maximal spectral overlap between the cavity resonance and the source emission as well as spatial positioning of the emitter in the maximum of the cavity electromagnetic field.
Plasmonic nanoantennas are advantageous among a variety of optical resonators due to their broad spectral resonances, which make spectral matching between the optical mode and an emitter substantially less complicated. 3, [16] [17] [18] Although plasmonic resonances have low Qfactors compared with dielectric cavities, they provide high Purcell enhancements due to small mode volumes, 3, 19 also known as 'hot spots'. Several techniques including electron beam lithography, 20 optical trapping of quantum emitters on top of metal nanoantennas 21 and wet chemical transfer 17 have been previously explored for deterministic assembly of hybrid quantum nanophotonic-plasmonic devices. While this tight light confinement makes them ideal components for optical integrated chips, [22] [23] [24] challenges still remain with the establishment of reliable methods to arrange quantum emitters within the hot spots of plasmonic cavities. An atomic force microscope (AFM) provides a promising solution to undertake this challenge by virtue of its capability in manipulation of nanosized objects with nanometer precision, combined with a simultaneous high-resolution imaging capability. 1, 19, 25 In this work, we deterministically assemble and study a hybrid plasmonic-quantum system comprised of a SPE in layered hBN coupled with gold nanospheres. Single and doubleplasmonic particle arrangements were realized experimentally by placing gold nanospheres precisely in close proximity to a pre-characterized SPE in hBN using an AFM tip. Coupling the SPEs to gold nanospheres modifies the spontaneous emission and enables an ultra-bright source of non-classical light. Reduced fluorescence lifetime accompanied by a photoluminescence (PL) enhancement is observed in power-dependent PL measurements. Our results help to highlight the potential of plasmonic enhancement of SPEs hosted by 2D layered materials for future applications in photonic integrated chip technology.
A schematic of an optically-active defect, namely the antisite nitrogen vacancy (NBVN), in a 2D hBN lattice is shown in Figure 1a . The size of the hBN flake is crucial as it determines the possible distance between the quantum emitter and the gold nanosphere. Smaller sizes of flakes increase the probability of positioning quantum emitters within plasmonic hot spots. We therefore chose emitters which are embedded in isolated, small flakes for this study. Figure 1b shows an AFM image of a typical hBN flake with in-plane dimensions of approximately 560 nm in x and 440 nm in y, at their respective widest points. The height of the flake is similar to that of the nanosphere, with a vertical thickness of ~ 84 nm (See supporting information figure S1). The inset of Figure 1b is a confocal PL image taken from the same flake revealing the bright emission corresponding to the NBVN defect.
The optical characteristics of an emitter embedded in the aforementioned flake are shown in Figure 1c . A room temperature PL spectrum of the emitter reveals a sharp zero phonon line (ZPL) at 578 nm which is in the typical range for SPEs in hBN, 10 with a full-width at halfmaximum (FWHM) of 2.33 ± 0.04 nm. The phonon side-band (PSB) is also visible at 635 nm and is spectrally separated from the ZPL by over 40 nm from peak to peak. The Debye-Waller (DW) factor for this emitter is 0.75, as calculated from the ratio of ZPL emission to total emission. For the measurements throughout the manuscript, we performed spectral filtering to further isolate the ZPL and reduce transmission of signal from other background sources with a 20 nm tunable optical bandpass filter. The luminescent centre is shown to produce antibunched emission characterised by its second-order correlation function, exhibiting a g (2) (0) value of 0.27 (Figure 1c , inset). The deviation from zero is attributed to the residual background and the detector jitter. The dip below 0.5 is a clear signature for single-photon emission. The linearly polarized emission transition dipole of the SPE was measured and fit to a cosine function, cos 2 (θ), as shown in Figure 1d . The emission is linearly polarized at an angle of 67° with respect to the y-axis. The y-axis is aligned at 0° and the x-axis is aligned at 90° ( Figure 1b Figure S2 ) The local excitation enhancement by the gold nanosphere versus distance from the particle is plotted in Figure 2a . Because localized plasmonic fields are most intense near the metal surface, as shown in the optical field intensity profile in the inset of Figure 2a , the local excitation enhancement decreases with increasing distance from the metal surface. Aside from the excitation enhancement, the radiative decay rate of the quantum emitter is also enhanced by the Purcell effect. The spontaneous emission rate enhancement caused by a gold nanosphere ( ) relative to the emission rate in free space ( 0 ) is shown in Figure 2b . Here, the emitter dipole is assumed to have an emission peak of 580 nm, which matches the experimentally studied hBN quantum emitter. The hBN refractive index is assumed as nx=ny=1.84 and nz=1.72 for the purpose of the simulation. Quantum emitters which are x-polarized, perpendicular to the metal surface, show higher enhancement than those that are y-polarized. Under ideal conditions, an enhancement of more than 520 and 330 times is expected for x-polarized and y-polarized dipoles, respectively. The radiative enhancement factor, defined as the power radiated into free space in the presence of the metal sphere ( ) divided by that in the absence of the sphere ( 0 ), is plotted in Figure 2c . In addition, we calculated the spontaneous emission rate enhancement versus the gap distance between two gold nanospheres ( Figure 2d ). The double gold nanosphere arrangement creates a hot spot in the gap, where the intensity is determined by the gap size. In this configuration, Purcell enhancement of more than 1000 times were expected under optimized conditions. 5 As the metal gap size increases, the enhancement drastically decreases, converging to 1 for the dipole to metal surface greater than 60 nm, corresponding to a null gap plasmon effect on the dipole source.
To investigate the experimental enhancement, an AFM (Dimension 3100) was used to deterministically couple gold nanospheres to pre-characterized hBN quantum emitters. Gold nanospheres were physically manipulated by direct contact with the AFM tip and moved in small increments towards the hBN flake shown in Figure 1 , as is illustrated in Figure 3a .
Initially, a single gold nanosphere is moved into position to couple a plasmonic cavity to the SPE embedded within the flake (Figure 3b ,c). This particular arrangement is denoted as the 'single particle' configuration. A second gold sphere was then coupled to the hBN flake in a similar fashion (Figure 3d -f). Similarly to the 'single particle' configuration, movement of the second particle into position with the AFM can be seen in Figure 3 (d-f). We refer to the resulting arrangement as the 'double particle' configuration. The second nanosphere is moved to align with the transition dipole angle shown in Figure 1d in order to maximize the plasmonic coupling effect as predicted with the simulation results in Figure 2 . This transition dipole angle was deduced from the orientation of the flake relative to nearby reference markers. We also note that despite the second particle not completely aligning with the first particle, it is still positioned within the maximum emission field when cross-referenced from both the AFM image and the polarisation measurement.
We performed detailed optical characterization of each configuration (pristine SPE, "single" and "double" particle) using a home-built confocal microscope and a Hanbury-Brown and Twiss (HBT) interferometer setup (see supporting information Figure S3 ). Time-resolved PL from this hBN SPE shows a reduction in emission lifetime from τ pristine = 4.92 ns to τ single = 2.68 ns, for the single-particle arrangement, and consequently, a further emission decay to τdouble = 1.54 ns for the double-particle arrangement. The data are plotted in Figure 4a and Figure 4b ,
showing spontaneous emission rate enhancement factors of 1.84 and 3.19 for the single-and double-particle arrangements, respectively. The decrease in emission lifetime is attributed to tight confinement of the electric field, resulting in an increase of the local density of states (LDOS). The measured lifetime is a total comprised of the radiative and non-radiative
. Therefore, to confirm that the lifetime reduction seen in Figure 4a and 4b is caused primarily by the increase in the radiative decay channels, the saturation intensities were determined from the PL versus laser power curves shown in Figure   4c . The saturation measurements were fitted with the following equation:
where I∞ is the saturated count rate and PSat is the saturation power. The saturated count rates are 2.89 × 10 6 counts/s and 5.79 × 10 6 counts/s for the single-and double-particle arrangements, respectively. This translates to overall enhancement factors of 1.55 and 3.10 relative to the uncoupled, pristine hBN emitter which exhibits a saturated intensity of 1.87×10 6 counts/s. A comparison of the measured decay rate enhancement with the saturated intensity enhancement reveals that the latter originates primarily from enhancement of the radiative decay channel.
Remarkably, the hybrid quantum plasmonic system generates almost ~ 6×10 6 counts/s, representing one of the brightest room temperature SPE in a layered material reported to date, associated with a modest Purcell enhancement of 3.
To confirm that the quantum nature of the emitter is preserved, we compared the second-order autocorrelation function, (g (2) (), for the three configurations. Figure 4d shows the plots of the g (2) (), offset vertically by 0.5 for clarity. The g (2) (0) value across the three data sets is consistent with minimal changes within the uncertainty of the measurements, with values of g (2) (0)=0.24, g (2) (0)=0.26, g (2) (0)=0.31 for the pristine, single, and double particle arrangements, respectively.
For further analysis of the hybrid system, PL enhancement in the un-saturated regime can be approximated by the following term:
∝ × ×
where η is the collection efficiency, γexc is the excitation rate, and QE is the quantum efficiency of the emitter in the coupled system. 5 For the studied configurations, we expect changes in collection efficiency to be negligible with a high NA objective lens (NA=0.9) for the pristine and the coupled emitter configurations. 2 Below the saturation threshold, the net enhancement has an excitation contribution caused by strong localization of fields around the metal nanosphere which serves to increase absorption of the excitation laser by the coupled system.
This typically manifests as an increase in the slope of the saturation curve. 7 We note that emitter count rates measured beneath saturation, at 300 μW, are higher than the saturated enhancement factors with enhancement factors of 1.69 for the single particle and 4.18 for the double particle arrangements. We attribute this difference to increasing excitation enhancement onset by an increased absorption cross-section upon the introduction of the nanospheres. We also note that the power, at which the system begins to saturate, decreases with the second nanosphere addition. Measurements show saturated power values of 0.88 mW, 0.78 mW, and 0.57 mW for the pristine, single particle, and double particle arrangements, respectively, supporting our claim.
On the other hand, above the saturation threshold, the emission is proportional to the radiative lifetime. In summary, we demonstrated deterministic coupling of SPEs in layered hBN to plasmonic gold nanospheres. Accurate nanoscale manipulation of the gold nanospheres by an AFM tip was used to realize two hybrid coupled systems comprised of a quantum emitter in hBN, and one and two gold nanoparticles. An emission enhancement associated with a lifetime reduction was observed, yielding an impressive overall count rate from a single emitter of more than 5×10 6 counts/s at room temperature. The presented technique can be applied to a range of hybrid plasmonic-photonic systems for studying other 2D materials, such as transition metal di-chalcogenides [26] [27] and exfoliated hBN monolayers. Further optimization in positioning and improvements in collection efficiency are expected to yield even higher count rates, which will be very attractive for practical devices. comparison of fluorescence saturation curves between the pristine, single particle, and double particle arrangements. (d) Second-order autocorrelation functions for the three configurations.
All g (2) (0) values are below 0.5, confirming single photon emission. All measurements were recorded at room temperature. 
